Abstract: Hot compression tests of sand casting and centrifugal casting Q235B flange blanks were performed at strain rate range of 0.01-5 s −1 and temperature range of 850-1,150°C. The evolutions of microstructure and texture were revealed. The constitutive models based on Arrhenius constitutive modeling were proposed by considering the effects of strain on material constants. The results show that recrystallization in centrifugal casting Q235B is more apparent than that in sand casting, resulting in the finer grains and lower flow stress for centrifugal casting Q235B. The intensities of textures slightly weaken with the increase of temperature. At 1,050°C and 5 s −1
Introduction
Casting-rolling compound forming (CRCF) is an advanced technique and has become a preferred one to fabricate seamless rings due to its superiorities such as considerable saving in energy and material costs, short production time, high quality, etc. [1] . The process includes casting ring blank, hot ring rolling (HRR) and heat treatment. Li et al. [1, 2] studied the hot deformation behavior of as-cast 42CrMo using compression test and numerical simulation. The constitutive model was established during hot compression. The effect of deformation parameters on microstructure evolution was discussed. Also, the industrial test of 42CrMo ring blank in CRCF was performed.
The development of finite element (FE) model in HRR provided a fundamental understanding and an insight into how defects arise in the ring product [3] . There have been a number of attempts to model the HRR using FE techniques. Yang et al. [4] developed a 3D-coupled thermomechanical FE model of the HRR for titanium alloy based on ABAQUS/Explicit. They explored the size effects of rectangular section blanks on the uniformity of strain and temperature distributions using FE simulation. However, the reliability of the explored FE model of HRR was greatly affected by the constitutive model, which was often used as computer code to simulate the plastic flow properties of materials under the specified loading conditions. Therefore, researches focusing on developing the constitutive equations from the experimental stress-strain data have attracted a great number of material designers. A critical review of experimental results and constitutive descriptions for austenitic stainless steel, carbon steel and Al alloy in hot working was conducted [5, 6] , and the developments, prediction capabilities and application scopes were introduced, respectively. Samantaray et al. [7] carried out a comparative analysis on the capability of Johnson Cook (JC), modified Zerilli-Armstrong (ZA) and strain-compensated Arrhenius constitutive model for representing the flow stress in P91 steel. They found that the Arrhenius-type modeling could track the deformation behavior more accurately though it required more number of material constants and more computational time than JC and ZA models. A similar result can also be found in the paper by Kotkunde et al. [8, 9] . Kim and Lee [10] proposed the constitutive relationships for predicting flow stress and further investigating the effect of deformation mode on constitutive model of AISI 4140 steel by compression tests. Yin et al. [11] formulated a constitutive equation of GCr15 steel and a modified Zener-Hollomon parameter considering the compensation of strain rate over a practical range of temperatures and strain rates. Lin et al. [12] [13] [14] investigated the deformation behaviors of as-forged 42CrMo steel. The constitutive equation incorporating the effects of strain rate, temperature and work hardening rate was established by compensation of strain, which also verified that the proposed constitutive model can give an accurate estimate for the flow stresses during hot deformation. Hao [15] studied the microstructure characterization and mechanism of Q235 steel by scanning electron microscopy (SEM), transmission electron microscopy (TEM) and electron backscattered diffraction (EBSD) technique in dynamic strain-induced transformation (DSIT).
In the process of CRCF, the hot deformation behaviors of as-cast materials significantly differ from asforged one. Although extensive researches invested into the constitutive model of metals and alloys [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [16] [17] [18] [19] , the deformation behavior of as-cast Q235B under hot compression needs to be investigated in-depth and further provided precise constitutive equation in HRR. Meanwhile, there was not clearly reported on the accuracy of constitutive model and the mechanism of microstructure evolution of as-cast materials such as 42CrMo and Q235 in HRR. Therefore, the objective of this study is to conduct compression tests of sand casting and centrifugal casting Q235B flange blanks over wide ranges of temperature and strain rate. The flow stresses are measured, and the microstructure evolution is revealed. Then, the constitutive models are established by compensation of strain and are verified by comparing the predicted and experimental flow stresses.
Materials and experimental procedure Materials
The material used in this investigation is Q235B steel. The Q235B flange blanks with the same dimensions of ϕ270 mm × ϕ105 mm × 45 mm were produced by sand casting and centrifugal casting at pouring temperature of 1,540°C [20, 21] , respectively, as shown in Figure 1 . The measured chemical compositions of the tested as-cast materials are given in Table 1 .
The initial microstructures of two states materials are mainly composed of a block of ferrite and pearlite, as shown in Figure 2 . However, the coarse and inhomogeneous in grains are the main microstructure characteristics of sand casting Q235B. The ferrite is acicular and blocky in centrifugal casting Q235B with finer grain and dense microstructure.
Experimental procedure
The hot compression test's specimen was cut along the radial of the rings because the flange blank was rolled in the radius direction during hot rolling. Cylindrical specimens were machined with a diameter of 8 mm and a height of 12 mm according to the ASTM E209 standard. In order to minimize the frictions between the specimens and dies during hot deformation, the flat ends of the specimen were placed a graphite of 0.25 mm and a tantalum chip of 0.1 mm. Isothermal compression tests were performed on a Gleeble-1500D thermosimulation machine in four different temperatures (1,150, 1,050, 950 and 850°C) and four different strain rates (0.01, 0.05, 0.1, 1 and 5 s −1 ). Each specimen was heated to 1,200°C at the rate of 10°C/s and soaked for 5 min. Then, cooled at the rate of 5°C/s to the corresponding test temperatures and held for 1 min before hot compression so as to obtain the heat balance. The reduction in height is 60 % at the end of the compression tests. After deformation, the specimens were water quenched immediately to keep the deformed microstructure. The detailed experimental procedure is shown in Figure 3 . All the specimens were then sectioned parallel to the compression axis, and the cutting surface was prepared using standard polishing and etching techniques for metallographic examination. The microstructures and texture components were observed by optical microscope and electron backscatter diffraction (EBSD) system equipped at Zeiss SEM, respectively. Specimens for EBSD were electropolished using a solution of 5 % KClO 4 alcohol at 20°C, 30 V and 0.8 A.
Results and discussion
True stress-strain curves of hot compression
Basically, the intrinsic relationship of flow stress and deformation parameters was articulated by the stress-strain curve, which also indirectly indicates the internal microstructure evolution of materials. Thereby, it is quite helpful to validate the hot deformation mechanisms of materials [22, 23] . The true stress-strain curves of hot compression of sand casting and centrifugal casting Q235B flange blanks under different conditions are shown in Figures 4 and 5 . The flow stresses increase quickly to a peak with the increase of strain in the initial stage of compression deformation and gradually decrease to some extent as the deformation exceeds the peak strain. However, the stresses are abnormal within the temperature of 850-950°C at strain rate of 5 s
. Subsequently, it shows a steady-state characteristic, which is simultaneously caused by work hardening and softening in the process of hot compression. At the beginning of the deformation, the hardening effect plays a dominant role before reaching the peak stress. As the increase of strain, the driving force of dynamic recrystallization (DRX) increases and thus softening effect gradually increases. After reaching the peak stress, the softening effect turns to a dominant role, resulting in the decrease in stress. Therefore, a dynamic balance is obtained between work hardening and dynamic softening such as dynamic recovery (DRV) and DRX.
The steady-state stress is greater than 100 MPa at 950°C and the stress is just 50 MPa at 1,150°C when strain rate is 0.1 s −1 , as depicted in Figure 4 . The similar pattern is shown in Figure 5 , which indicates that flow stresses decrease with the increase of temperature at constant strain rate. This is mainly because the average kinetic energy of atoms increases and the critical shear stress of crystal slip decreases with the increase of temperature, which reduce the obstruction of dislocation motion and crystal slip [24] . Moreover, with the increase of temperature, the DRV and DRX are more likely to occur, making the density of dislocation decreases and the softening effect turns to a dominant role. The strain rate also has an important effect on flow stress. As illustrated in Figure 4 (c), the steady-state stress is 40 MPa under strain rate of 0.01 s −1 at 1,050°C, while the stress can be up to 100 MPa with increase of strain rate to 1 s −1 and the similar pattern is also shown in . It indicates that flow stresses increase with the increase of strain rate at constant temperature. It is attributed to the fact that DRV and DRX have not enough time fully carrying out and cannot offset the hardening effect under high strain rate, so the stress is much higher than that under low strain rate. However, the variations of the flow stress of centrifugal casting Q235B are relatively smooth at all deformation conditions used in this study, as shown in Figure 5 . The work hardening of centrifugal casting Q235B is lower than that of sand casting. It only indicates the interaction of work hardening and DRV at lower temperature and higher strain rate. The stable deformation can contribute to the homogeneous microstructure. Figures 4 and 5 show that the flow stress of sand casting Q235B is higher than that of centrifugal casting at the same deformation conditions. The strain is larger when the stress reached to a peak for sand casting, resulting in the DRX is difficult to occur. The work hardening is quite apparent under low temperature and high strain rate such as 950°C/1 s −1 . The stress value of sand casting Q235B can be up to 224.4 MPa and the stress of centrifugal casting is less than 157.7 MPa under the condition of temperature of 950°C at 5 s −1 . This is mainly because of the centrifugal casting Q235B with dense microstructure and finer grains. Therefore, under the condition of tests, the DRV and DRX in this material are more likely to occur, making the effect of work hardening to be offset comparing with sand casting one.
Characterization of microstructure and texture is inhomogeneous existing some new generated grains. The work hardening effect cannot be offset by the slightly softening effect in the process of deformation. When the temperature is 1,050°C, the grains are refined because the DRV and DRX are higher than that in Figure 6 (a). The flow stress value is less than 70 MPa and the grains are about 32.8 μm under this condition. Although the temperature and strain rate is high in Figure 6 (c), the material does not have enough time to perform DRV and DRX. Thus, the work hardening effect is severe and the flow stress is 130 MPa under the temperature of 1,050°C, strain rate of 5 s −1 and true strain of 0.7. Figure 6 , the intensity of texture slightly weakens and texture components composed of {112}<110> and {111}<112> are shown in Figure 6 (a 1 ), while mainly {111} <112> orientation is shown in Figure 6 (b 1 ). When strain rate reaches 5 s
, the textures are characterized by strong cube {001}<100> and R-cube {001}<110> orientation, which are related with severe deformation in deformed specimen.
As illustrated in Figure 7 , it can be seen that the microstructural and textural development of centrifugal casting Q235B is similar to that in Figure 6 . However, the degree of DRV and DRX for centrifugal casting Q235B is more apparent than the sand casting one at the same conditions, as shown in Figure 7 (a)-(c), resulting in the finer grains and lower flow stress. For example, the average size of crystal grains is 22.7 μm and the value of flow stress is less than 60 MPa under the temperature of 1,050°C, strain rate of 0.1 s −1 and true strain of 0.7. What is more, with the increase of strain rate, the grain distortion cannot be discovered and the approximately equiaxed grains are generated, as presented in Figure 7 (c). Similarly, Figure 7 (a 1 )-(c 1 ) suggests that texture intensity also slightly weakens with the increase in temperature from 950°C to 1,050°C at a strain rate of 0.1 s −1 . The texture components are mainly composed of {110}<110> and {111}<112> with the intensity of 4-6, which is different to sand casting Q235B under this condition. The textural development is mainly related with DRV and shear deformation at 1,050°C when strain rate is 5 s −1 .
The establishment of constitutive model
The hot compression deformation for metals and alloys is a thermally activated process. During hot deformation, the influences of strain rate and temperature on flow stress were described by Arrhenius-type modeling. The Arrhenius constitutive modeling was proposed by Sellars and Tegart [25] according to the similarity of hot deformation and high-temperature creep of materials:
in which _ ε is the strain rate (s −1 ); σ is the true stress for a given strain (MPa); Q is the activation energy of hot deformation (kJ/mol); T is the absolute temperature (K); R is the universal gas constant (8.314 J/mol/K); and A is the material constant. It is the coupled effect of strain rate and temperature on the hot deformation behavior that is represented by ZenerHollomon parameter (Z) [26] . The impacts of strain rate and temperature on deformation behavior and microstructure evolution were considered in parameter Z, which is a strain rate factor with temperature compensation. And it directly reflected the complexity of the deformation in materials. The parameter Z can be represented as
Then, the parameter Z can be calculated on the basis of deformation activated energy Q. It is obvious that the value of parameter Z increases with the increase of strain rate and the decrease of temperature.
Determination of material constants in constitutive model
In eq. (1), the stress function of F(σ) usually has the following forms [27, 28] :
where n, β and α are material constants, α = β/n. For the low stress level (ασ < 0.8) and high stress level (ασ > 1.2), the relationship between strain rate and stress can be expressed as follows:
where A 1 and A 2 are materials constants. Taking the logarithm of both sides of eqs (6) and (7), respectively.
For all the stress level, substituting eq. (5) into eq. (1), the relationship between strain rate and stress can be presented as,
Therefore, the stress can be expressed as a function of parameter Z, as shown in eq. (11) .
For the given strain rate conditions, Q can be achieved by differentiating eq. (10) for temperature,
Taking the logarithm of both sides of eq. (10) gives ln sinh ασ ð Þ= ð1=nÞ ln _ ε + Q=ðnRTÞ − ð1=nÞ ln A
It can be concluded from eqs (1) and (2) that the impact of strain on flow stress during hot deformation is not considered, while the material constants n, β, α, Q and A vary with strain in the deformation process. Hence, the effects of strain on the material constants of constitutive equation were studied in this research. The solution procedures of the material constants will be conducted by taking the true strain of 0.05, for example.
The stress values (under the strain of 0.05) and corresponding strain rates of sand casting Q235B are taken into eqs (8) and (9); the relationship between flow stress and strain rate is shown in Figure 8(a) and 8(b) . The values of n and β can be derived from the reciprocal of the slope of the lines by linear regression analysis, respectively. As a result, a mean value of n and β can be calculated as 9.0664 and 0.1375 MPa . Then, α = β/n = 0.01517 MPa −1 is obtained. Therefore, by substituting the values of temperatures and stresses that are obtained from a specified strain rate into eqs (12) and (13), the value of Q can be determined from the average slope of the lines in Figure 8 , respectively. Similarly, the mean value of n and β for centrifugal casting Q235B can be calculated as 10.3621 and 0.1762 MPa −1 according to the relationship between flow stress and strain rate in Figure 9 (a) and 9(b). Thus, α = β/n = 0.01701 MPa −1 is obtained. As given in by linear fitting method, respectively. However, the effect of strain on the plastic flow behavior is unconspicuous and hence not considered by eq. (2). According to the above-mentioned solved method, the values of material constants (n, β, α, Q and A) of the constitutive model for two as-cast Q235B flange blanks were calculated under different strains within the range of 0.05-0.70 and the interval of 0.05. Since the constants determined in the process of derivation are related with strain, the relationship between the material constants and the strain can be fitted employing polynomials. The computed values of the material constants are provided in Tables 2 and 3 . The relationships between n, β, α, Q, A and true strain of both Q235B flange blanks (shown in Figure 10 ) can be polynomial fitted by the compensation of strain, as presented in eq. (14) .
It can be observed that the material constants of n, β, α, Q and A display apparent variation with true strain. In addition, the levels of the material constants of n, β and α of centrifugal casting Q235B are much higher than that of sand casting, while Q and A show a slight difference only at smaller and larger strains. The deformation activation energies of both steels are found to vary with true strain in the range of 448-516 and 452-520 kJ/mol, respectively. Therefore, in order to predict the flow stress accurately and precisely, a modified constitutive model should be developed by the compensation of strain. Tables 4 and 5 present the coefficients of polynomials of n, β, α, Q and A: 
Verification of the developed constitutive model
A comparison between the predicted and experimental results was assessed so as to verify the accuracy of the above-developed constitutive models of two as-cast Q235B flange blanks. So, by applying the computed material constants in constitutive models, the flow stress values were calculated for temperatures of 850, 950, [8, 29] . Some researchers found that flow stress is lower at low strain rate and high temperature and thus DRX is more likely to occur, leading to a considerable grain refinement [30, 31] . Figures 7, 11 and 12 demonstrate that the developed constitutive models can fit this conclusion well. In this paper, standard statistical parameters such as correlation coefficient (R) and average absolute relative error (AARE) are employed to evaluate the correlation between experimental values and calculated values of the flow stress under all conditions. They are expressed as follows [32, 33] : Table 4 : Coefficients of polynomials of n, β, α, Q and ln A of sand casting Q235B steel. Note: x represents the undetermined coefficient of the polynomial fitting equations B, C, D, E and F. Table 5 : Coefficients of polynomials of n, β, α, Q and ln A of centrifugal casting Q235B steel. 
where σ e is the experimental value of the stress, σ p is the calculated data, σ e and σ p are the mean values of σ e and σ p , respectively, and N is the total number of the selected stress data in the equation. As shown in Figure 13 (a) and 13(b), a good correlation (R = 0.986) and AARE = 3.76% between experimental and calculated values is achieved for sand casting Q235B steel, while R and AARE are 0.989 and 4.25 % for centrifugal casting, respectively. This reflects the excellent predictability of the constitutive equations of two states Q235B flange blanks established in the paper by using Arrhenius-type constitutive modeling. Therefore, the proposed constitutive models of sand casting and centrifugal casting Q235B flange blanks are accurate and reliable and can be successfully applied to analyze the deformation in hot rolling of as-cast flange blanks. 
Conclusions
The hot deformation behaviors and microstructure evolution of sand casting and centrifugal casting Q235B flange blanks have been studied in terms of compressed tests in the range of temperatures (850-1,150°C) and strain rates (0.01-5 s −1 ) on Gleeble-1500D thermal simulator. The following are the conclusions:
(1) At the constant strain rate, the flow stresses of two as-cast Q235B flange blanks decrease with the increase of temperature, which is mainly related to DRV and DRX. The stresses increase with the increase of strain rate at constant temperature, and it is because that the DRV and DRX have no enough time to fully occur. The flow stress of sand casting Q235B is higher when compared with that of centrifugal casting and the work hardening effect in the former is apparent at lower temperature and higher strain rate. (2) The recrystallization in centrifugal casting Q235B is more apparent than that in sand casting, resulting in the finer grains and lower flow stress for centrifugal casting Q235B. Both the intensities of textures slightly weaken with the increase of temperature. At 1,050°C and 5 s , the textures of sand casting Q235B are characterized by strong {001}<100> and {001}<110> orientation, which are related to severe deformation, while the textures of centrifugal casting are composed of {110}<110> and {111}<112> with intensity 4-6, which are related to DRV and shear deformation. (3) The constitutive models based on Arrhenius-type modeling are derived by considering the compensation of strain. The activation energies of both steels are found to vary with true strain in the range of 448-516 and 452-520 kJ/mol, respectively. (4) The comparison between the predicted and experimental flow stress data indicates that the proposed constitutive models of two as-cast Q235B are reliable and can be successfully applied to analyze the deformation behaviors in hot rolling of as-cast flange blank.
